Characterization of contaminant molecules on different exposed crystal planes is required 11 to conclusively describe its behavior on mineral surfaces. Here, the structural properties and relative 12 stability of arsenate adsorbed on rutile TiO2 (110) and (001) surfaces were investigated using 13 grazing-incidence extended X-ray absorption fine structure (GI-EXAFS) spectra and periodic density 14 functional theory (DFT) calculation. The combined results indicated that arsenate mainly formed 15 inner-sphere bidentate binuclear (BB) and monodentate mononuclear (MM) complexes on both 16 surfaces, but the orientational polar angles of arsenate on the (110) surface were commonly smaller 17 than that on the (001) surface for the two adsorption modes. The DFT calculation showed that the (110) 18 plane had a higher affinity toward arsenate than the (001) plane, suggesting that, for a given 19 adsorption mode (i.e., MM or BB structure), a small polar angle was more favorable for arsenate 20 stabilized on the rutile surfaces. 21 22 23 functional theory 24 42 for various crystal planes. 43
Introduction
Arsenic contamination in drinking water and groundwater resources has been a serious environmental 26 problem due to its toxic impact on human health (Oremland and Stolz, 2003) . Solid-water interfacial 27 behaviors control arsenic mobility, toxicity and bioavailability (Liu and Aydil, 2009; Singer et al., 2013) . 28 It is therefore important to determine the adsorption geometries and bonding interactions that hold the 29 arsenic species to the surface, which is directly related to the reversibility, lability and surface reactivity, 30 and is essential to predict their fate in the environment (Makov and Payne, 1995) . 31 Atomic-level understanding of the structure of contaminant molecules on mineral surfaces is 32 growing through the application of spectroscopic and computational techniques, such as extended 33 X-ray absorption fine structure (EXAFS) spectroscopy and density functional theory (DFT) 34 calculation (Sherman and Randall, 2003 41 Therefore, the structural data obtained from standard powder EXAFS spectra are therefore an average 47 may trigger wide applications of GI-EXAFS in geosciences, chemistry and environmental sciences as 48 synchrotron facilities are improving (Roscioni et al., 2013) . Density functional theory (DFT) 49 calculation can provide a detailed description of adsorbed molecules at solid surfaces, including 50 aspects of structure, bonding, and energy (He et al., 2011; Li et al., 2012) . Therefore, the combination 51 of GI-EXAFS and DFT calculation is able to identify the structural properties and relative stability of 52 arsenic on specific crystal planes. 53 Rutile, the most abundant polymorph of TiO2, is one of the most common and technologically 
59
Here we apply GI-EXAFS spectroscopy and periodic DFT calculation to study the binding 60 mechanism of arsenate on rutile (110) and (001) surfaces. In the GI-EXAFS measurement, two 61 directions of the X-ray electric vector, parallel and perpendicular to the substrate, were used to 62 determine the structure of the adsorbed arsenate on both surfaces. Periodic DFT calculation was 63 carried out to describe the bonding and energetic properties of arsenate on rutile TiO2 surfaces. The angle of the incident X-rays (beam diameter of ~30 μm) to the single-crystal surfaces was set to 91 0.15°, which is less than the critical angle of rutile TiO2 at the energy position of As K-edge 92 (Klockenkämper, 1997) . The experimental uncertainty on the incident angle of X-rays is ≤ 0.01°. The 93 GI-EXAFS experiments were carried out using two scan modes with the electric vector parallel and 94 perpendicular to the single-crystal substrate. Samples were mounted in a Teflon cell and sealed with 95 Mylar film during the GI-EXAFS measurements. The cell was continuously purged with a constant 96 flow of water-saturated ultrapure N2 to keep the crystals moist. An average of 3 scans was performed 97 to achieve suitable single/noise, and no obvious change in spectral data was observed during the 3 98 scans. 99 
GI-EXAFS data analysis 100
The spectral data were processed following the standard procedures of background absorption 101 removal, normalization, k-space conversion, and Fourier transformation, and then the structural 102 information was extracted using WinXAS 3.1 software package with Fourier filtering and shell fitting 103 (Ressler, 1998) . A linear function fit for the pre-edge region and a second-order polynomial fit in the 7 post-edge region were used to yield the normalized and background-corrected spectra. Subsequently, 105 the normalized spectra were converted to frequency (k) space using a cubic spline and weighted by k 3 . 106 The k 3 χ(k) spectra, from 2.2 to 12.0 Å -1 , were Fourier-transformed (FT) to R space using a Bessel The selection of parameters and models was justified by performing test calculations (see Table S1 173 and Fig. S4 in Supplementary data). Increasing k-points from 4×4×1 to 5×5×3 and orbital cutoff from carried out to test the effects of outer-sphere H2O molecules on the surface complexation of arsenate. 181 The results showed that the outer-sphere H2O molecules do not strongly affect the geometry of adsorbed 182 arsenate (As-O distances shifted by <0.02 Å, As-Ti distances shifted by <0.01 Å, polar angles deviated 183 by less than 1°, and the difference in binding energies was less than 8 kJ/mol). These tests verified that 184 the present parameters and models were reliable for describing the properties of arsenate on rutile 185 surfaces. Table 3 ). The As-Ti shells were also fitted using one 204 single As-Ti scattering path. The residuals of single-shell fits were commonly larger than that of 205 two-subshell fits (see Supplementary data) , which confirmed the multiple coordination structures (i.e., Fig. 4 . 242 DFT results showed that the average As-O bond lengths of arsenate tetrahedron in different adsorption 243 states were about 1.73 Å (Table 3) , which were generally slightly longer than the experimentally Table 3 ). The discrepancies between experimental and 252 DFT-calculated polar angles were less than 10°, indicating that a good estimation of the polar angles was obtained. 254 Bidentate mononuclear (BM) complex was the potential adsorption mode at the bridging oxygen sites 255 on (110) surface (see Fig. S4 in Supplementary data). Our DFT results indicated that BM adsorption 256 mode would yield an As-Ti distance of 2.88 Å, much smaller than the distance obtained from 257 experimental GI-EXAFS measurement (3.30 ± 0.02 Å and 3.57 ± 0.03 Å), which confirmed the fact that observed more than 4 Å away from the As atom in the GI-EXAFS spectra (see Fig. 3b ). Therefore, in Based on the spectral and computational results, the polar angles of monodentate and bidentate 281 complexes on the (110) surface were both smaller than that on the (001) surface (see Table 3 ). 282 DFT-calculated energies showed that adsorptions on the (110) plane (-261.4 kJ mol -1 for BB complex 283 and -265.9 kJ mol -1 for MM complex) were generally energetically more favorable than that on the (001) 284 plane (-245.5 kJ mol -1 for BB complex and -161.4 kJ mol -1 for MM complex), indicating that the (110) 285 plane had a higher affinity toward arsenate. 
Periodic DFT calculation

Conclusions
287
The spectral and computational results showed that arsenate primarily bonded as bidentate 288 binuclear (BB) and monodentate mononuclear (MM) inner sphere complexes on both (110) and (001) surfaces of rutile TiO2, but the spatial orientations of adsorbed arsenate were different on the two 290 crystal planes (i.e., crystal-face-dependent). The orientational polar angles on the (110) surface were 291 commonly smaller than that on the (001) surface for both monodentate and bidentate complexes. The
292
DFT calculation showed that the (110) plane displayed a higher affinity toward arsenate, suggesting 293 that, for a given adsorption mode (i.e., MM or BB structure), a small polar angle was more favorable 294 for arsenate stabilized on rutile surfaces. 
